Abstract-An optimal preview control method is applied to the automobile path following problem. The (1) (2) x n X 1 state vector, v scalar output related to the state by the n X lmT constant observer vector transpose, F constant n X n system matrix, and g constant n X 1 control coefficient vector, the optimal control u°(t) which minimizes a special form of the local performance index, 
I. INTRODIJCTION T HIS PAPER. presents example applications (to the automobile path. following problem) of a general method of control synthesis presented in [1] . The method is demonstrated here by simulation of a closed-loop automobile/driver system and the results compared with driver/vehicle test measurements. Results for the optimal preview control are also discussed within the context of manual control pursuit tracking task findings.
The control technique demonstrated herein is designed for application to linear time-invariant systems utilizing preview control strategies for regulation or tracking tasks. A common example of this type of control strategy occurs during normal automobile path following in which drivers "look-ahead" to follow a desired path. Human operators, as part of various man-machine systems, typically employ preview control strategies to control and stabilize such systems. It is widely recognized that human operators are capable of controlling and adapting to a wide variety of dynamical systems, many of which are vehicles with preview-oriented control requirements such as automobiles, bicycles, and complex aircraft [2] [3] [4] [5] [6] [7] [8] . Clearly human control of most vehicles would not be possible without some training by the operator to acquire an understanding of the vehicle response to various control inputs. While a certain portion of this training serves to identify and reinforce learned open-loop responses for repeated and familiar control task scenarios, the remainder frequently serves to identify and reinforce the operator's understanding or "feel" of the vehicle response to control inputs continually in use for closed-loop regulation and/or pursuit needs. It is in this latter control category for general linear system representations capable of preview control strategies, that the method presented in [1] 
x n X 1 state vector, v scalar output related to the state by the n X lmT constant observer vector transpose, F constant n X n system matrix, and g constant n X 1 control coefficient vector, the optimal control u°(t) which minimizes a special form of the local performance index, (4) .
It is also shown in [1] that the optimal solution u°(t) can be expressed in terms of any current nonoptimal u(t) and correspondingly nonzero preview output error £(t) as
For the special case of W(q -t)--6(T*), as before, (7) redtuces to
The formulation expressed by (7) can be useful in describing systems which do not achieve, though closely approximate, the defined optimal system behavior. Such cases may arise from limitations in achieving the precise optimal control due to time lags or dynamic properties inherent in the controller and not accounted for a priori in the optimization. The next two sections adopt this view for the car/driver man--machine system in an attempt to describe and explain actual closed-loop driving behavior. Finally, it was also shown in [1] that information concerning stability of the closed-loop system utilizing the optimal preview control of (4) or (7) 
APPLICATION TO MANUAL CONTROL PURSUIT TRACKING TASKS AS REPRESENTED BY STRAIGHT-LINE AUTOMOBILE DRIVING
The most well-known and characteristic property exhibited by human operators in tracking tasks is the transport delay deriving from perceptual and neuromuscular mechanisms. By introducing this inherent delay property a posteriori in the optimal preview control formulation, excellent agreement can be demonstrated between typical manual control pursuit tracking task results and the resulting optimal preview controller modified to include the inherent transport delay (heretofore referred to as the "modified" optimal preview control).
For reasons of clarity and notational simplicity, the discussion in this section will make use only of (8), the single-point preview control version of (7) . Equation (8) can be represented by the block diagram of Fig. 1 .y(+1 T" to an assumed error, derived by the driver, between the previewed input (straight road ahead) and the driver"s output. Since this may be categorized as a form of linear pursuit tracking, the formulation of (1 1) is accommodated. Also shown in Figs. 3 and 4 is the frequency response calculation for (11) with parameters T'* -3.0 (s) and T-0.26 (s). The model output y(t + T*) is the estimated vehicle lateral position at time t + T*; the input f(t + T*) -0 is the lateral displacement of the previewed path. The automobile (F, g) dynamics used in (11) appear in Appendix I-A and duplicate those identified in [9] . The values of T* and T were selected to fit the experimental data as closely as the single-point model would permit. As can be seen, the model and experimental results display excellent agreement. Not only does the preview model reproduce the --6 db/octave slope of the familiar manual control "crossover" model [2] , [8] gain characteristic, but also the peaking phase characteristic usually displayed in manual control task experimental data of this kind.
The model parameters T* and T appearing in (11) represent the average preview time used by the driver and [9] .
Interestingly, for the relatively simple control task of typical straight-line automobile regulation as discussed here, (Fig. 5) Fig. 6 . showing recorded-time histories of lateral acceleration, yaw rate, and front-wheel steer angle [ 13] . Also shown in Fig. 6 are computer simulation results using the optimal preview control (7) with an assumed human operator transport delay ternm -ST relating u°(t) and u(t). The transport lag term is included here. as in the previiouis section, to approximate the principal human operator lag effects. The calculation of (7), steer angle, seen in Fig. 6 is for values of T 0.2 (s) and T -1.3 (s) using ten equally spaced points in the preview interval to approximate the integral. The values of T and T were selected to closely fit the test measurements. The (F, g) automobile dynamics model is the same two-degree-of-freedom model appearing in Appendix I-A, evaluated for the parameter values identified in Appendix I-B. The previewed input f(t7) appearing in (7) represents the desired lateral path deviation and was obtained during the simulation using the simple straight-line path segments shown in Fig. 5 as input.
As seen from Fig. 6 , excellent agreement can be obtained between the experimental results and simulation predictions using the two numerical parameters (T, T) and a simple straight-line path input. Variations in the value of T primarily influenced the closed-loop system damping; larger values producing reduced damping. Variations in the value of T influenced control (steering) amplitude as well as damping; larger values of T producing lower control amplitude and increased damping.
Finally, Fig. 7 shows a comparison of the preview model predictions and measured test results for a modified set of vehicle dynamics (F, g). The same vehicle was employed but with modifications to its mass center and rear tires so as to produice a new set of parameter values listed in Appendix I-C. As shown in Fig. 7 the principal change in the closed-loop response from Fig. 6 is an increased steering gain (lower steering amplitude for the same nominal maneuver) and decreased damping. Larger values of T (0.3) and T (1.55) were required in the calculation of (7), shown as steer angle in Fig. 7 , to better approximate the reduced damping and smaller amplitude steering control. A comparison of computed vehicle path trajectories, corresponding to the baseline and modified vehicle responses shown in Figs. 6 and 7, appears in Fig. 8 .
Characteristic roots for each of the closed-loop systems, as calculated from the constant matrix (13) , are shown in Fig. 9 . The matrix (13) (see Appendix I-D) is similar to that given by (9) These results and those of the previous section demonstrate useful application of the optimal preview model in simulation of closed-loop automobile driving. The principal conclusion concerning these results is that driver steering control strategy during path following can be accurately represented as a time-lagged optimal preview control. Similar applications and extensions to problems in other fields are clearly suggested by the results shown here.
CONCLU SION
The optimal preview control model, applied here to the closed-loop automobile path following problem, offers a useful and direct method for representing closed-loop behavior of linear driver/vehicle systems. It is suggested that driver automobile steering control strategy during path following can be viewed as a time-lagged optimal preview control process.
The general linear system formulation of the preview control methodology, demonstrated here, pernmiits application to a broad range of problems relating to manmachine systenms. The vehicle parameter values listed below atd used in the calculations appearing in Fig. 6 were derived from vehicle wheelbase/weight ineasurements and steady-state, constant-steer vehicle test results [13] a -1.37 m (4. CIX R33 628 N/rad (7 560 lb/rad).
The weighting function W appearing in (7) was selected as constant 1.0 over the ten-point preview interval.
C Modified Vehicle Parameter Values
The vehicle pararmeters of Appendix T-B were altered to those values shown in this section by a rearward shift in the vehicle mass center and a decrease in rear tire inflation 398
